Glial cells orchestrate immunocyte recruitment to focal areas of viral infection within the brain and synchronize immune cell functions through a regulated network of cytokines and chemokines. Since recruitment of T lymphocytes plays a critical role in resolving cytomegalovirus (CMV) infection, we investigated the production of a T-cell chemoattractant, CXCL10 (gamma interferon-inducible protein 10) in response to viral infection of human glial cells. Infection with CMV was found to elicit the production of CXCL10 from primary microglial cells but not from astrocytes. This CXCL10 expression was not dependent on secondary protein synthesis but did require the phosphorylation of p38 mitogen-activated protein (MAP) kinase. In addition, migration of activated lymphocytes toward supernatants from CMV-stimulated microglial cells was partially suppressed by anti-CXCL10 antibodies. Since regulation of central nervous system inflammation is essential to allow viral clearance without immunopathology, microglial cells were then treated with anti-inflammatory cytokines. CMV-induced CXCL10 production from microglial cells was suppressed following treatment with interleukin-10 (IL-10) and IL-4 but not following treatment with transforming growth factor ␤. The IL-10-mediated inhibition of CXCL10 production was associated with decreased CMV-induced NF-B activation but not decreased p38 MAP kinase phosphorylation. Finally, CMV infection of fully permissive astrocytes resulted in mRNA expression for the viral homologue to human IL-10 (i.e., cmvIL-10 [UL111a]) in its spliced form and conditioned medium from CMV-infected astrocytes inhibited virus-induced CXCL10 production from microglial cells through the IL-10 receptor. These findings present yet another mechanism through which CMV may subvert host immune responses.
Microglial cells, the resident macrophages of the brain, are sensors of viral infection within the central nervous system (CNS; 28). In a healthy brain, microglial cells exist in a quiescent (ramified) state lacking many of the effector functions and receptor expression patterns observed in activated tissue macrophages. However, in response to CNS infections, microglial cells can quickly transform into an activated (amoeboid) state, acquiring macrophage markers and critical effector functions required to launch effective immune responses (1) . Microglial cells respond to viral infections through a highly regulated network of cytokines and chemokines, which subsequently orchestrate a multicellular immune response against the infectious agent. The nature of this immune response is greatly dependent on the nature of the immune stimulus provided by the infecting agent.
Human cytomegalovirus (CMV) induces a specific cytokine and chemokine production profile in glial cells (38) . We have previously shown that astrocytes, which are fully permissive for CMV replication (37) , produce chemokines that induce chemotaxis of microglial cells, such as monocyte chemoattractant protein 1 (MCP-1 [also known as CCL2]), in response to viral infection. Microglial cell-derived antiviral cytokines like tumor necrosis factor alpha (TNF-␣) suppress CMV replication in astrocytes (9) , and gamma interferon (IFN-␥), a potent T-cellderived cytokine (13) , also inhibits CMV replication in these glial cells (8) . The importance of T-cell responses in CMV neuropathogenesis can be appreciated by the fact that CMV encephalitis is observed commonly during advanced AIDS, when CD4 ϩ lymphocyte counts are lower than 50/mm 3 (2) . Moreover, previous work in our laboratory with in vitro systems has demonstrated that T cells obtained from CMV-seropositive donors inhibit viral replication in permissive astrocytes (7) . Lack of protective lymphocyte responses in patients with advanced AIDS, because of the destruction of lymphocytes or dysregulation of microglial cell responses by human immunodeficiency virus type 1, may culminate in the development of CMV encephalitis. Still, very little is known about the chemotactic signals that recruit protective lymphocytes into the brain during CMV infection.
Recruitment of leukocytes into the brain parenchyma is precisely regulated by chemokine expression from glial cells responding to particular noxious stimuli (22, 51) . CXC chemokine ligand 10 (CXCL10; gamma interferon-inducible protein 10 [IP-10]), which is encoded by a gene initially identified as an early IFN-␥ response gene (40) , has been demonstrated to be critical in providing host defense against viral infection of the CNS (32) . Apart from its antiviral (39) and angiostatic properties (48) , CXCL10 has been shown to be involved in the recruitment of IFN-␥-producing lymphocytes into the brain (16, 31) . Both astrocytes and microglial cells respond to various antigenic stimuli to produce CXCL10 (18, 66) . Astrocytes produce CXCL10 in response to IFN-␥, TNF-␣ (42, 49) , and viral proteins like human immunodeficiency virus type 1 gp120 (4) and during viral infections (10, 50, 53, 54, 58) . Microglial cells and other cells of the monocyte/macrophage lineage also produce CXCL10 in response to bacterial lipopolysaccharide (LPS) (26) and IFN-␥ (66) . For these reasons, we postulated in this study that CMV infection of glial cells would lead to the production of CXCL10.
Although initiation of an immune response by glial cells is an important protective mechanism in the CNS, unrestrained or overzealous inflammatory responses may result in irreparable brain damage. The mechanisms that regulate CNS inflammation are poorly understood. The unique immunologic microenvironment of the CNS has been proposed to alter lymphocyte functions and inhibit their proliferation but maintain antiviral cytokine production (23) . Anti-inflammatory cytokines like interleukin-10 (IL-10), IL-4, and transforming growth factor ␤ (TGF-␤) are also produced during viral CNS infection (69) . These cytokines have been demonstrated to inhibit the production of proinflammatory factors, thereby counteracting potentially deleterious consequences of the inflammatory response (15, 21, 45, 52) . Viruses have also evolved homologues to these anti-inflammatory cytokines, possibly as a mechanism by which to evade host immune responses. A CMV homologue to human IL-10 has recently been identified (27) that is able to inhibit proliferation, suppress major histocompatibility complex expression, and downregulate cytokine production from activated lymphocytes (64) . In this study, we examined astrocytes and microglial cells, two glial cell types involved in host defense against CMV infection of the brain, for the ability to produce CXCL10 in response to the virus. We also examined the effects of anti-inflammatory cytokines and the viral IL-10 homologue cmvIL-10 on CMV-induced CXCL10 production.
MATERIALS AND METHODS
Brain cell cultures. Primary human microglial cells were prepared as described previously (6) under a protocol approved by our Institutional Human Research Subjects Committee. Briefly, fetal brain tissues obtained from human abortuses at 16 to 22 weeks of gestation were cleared of meninges and dissociated by repeated passage through a pipette under sterile conditions. The triturated tissue was incubated with 0.125% trypsin for 45 min at 37°C to make a single-cell suspension. Trypsin digestion was stopped by using 10% fetal bovine serum (FBS). The cells were washed and resuspended in Dulbecco's modified Eagle's medium (DMEM; with 10% heat-inactivated FBS, 100 U of penicillin per ml, and 100 g of streptomycin per ml). The cell suspension was seeded at 75 ϫ 10 6 to 100 ϫ 10 6 cells in 75-cm 2 tissue culture flasks and incubated in a humidified incubator at 37°C with 10% CO 2 . Cultures were grown for 2 weeks with weekly changes of medium. Microglial cells floating in the medium and those loosely attached to the monolayer were harvested by gentle shaking. The harvested cells were seeded into tissue culture plates (2 ϫ 10 5 cells/well in a 48-well tissue culture plate or 2 ϫ 10 6 cells/well in a 6-well tissue culture plate). The plated cells were washed after 60 min of incubation at 37°C. The microglial cells used in these experiments were Ն99% pure, as determined by CD68 antibody staining. Less that 1% of the cells stained with antibodies to glial fibrillary acidic protein, an astrocyte marker.
Primary astrocyte cultures were prepared by shaking the flasks, after 21 days in culture, at 180 to 200 rpm for 16 to 18 h. The monolayer was then washed with Hanks buffer to remove any floating nonastroglial cells. The adherent cells were trypsinized and seeded into fresh flasks with a medium change 24 h after plating. This procedure was repeated three or four times at weekly intervals. The final cultures, which contained Ն99% astrocytes (glial fibrillary acidic protein-positive cells), were grown in tissue culture plates for 3 to 5 days prior to use.
Virus. Sucrose-purified human CMV AD169 (American Type Culture Collection, Manassas, Va.) was used in this study. Human foreskin fibroblasts (HFF; CRL-1635 [American Type Culture Collection]) were used to propagate viral stocks. Infected HFF cultures were harvested at 80 to 100% cytopathic effect and subjected to three freeze-thaw cycles. Cellular debris was removed by centrifugation (1,000 ϫ g) at 4°C, and the virus was pelleted through a 35% sucrose cushion (in Tris-buffered saline [50 mM Tris-HCl, 150 mM NaCl, pH 7.4]) at 23,000 ϫ g for 2 h at 4°C. The pellet was resuspended in DMEM containing 10% FBS. Viral stock titers were determined on HFF cells as 50% tissue culture infective doses (TCID 50 ) per milliliter. A multiplicity of infection (MOI) of 5 TCID 50 was used in all experiments unless indicated otherwise. Mock-infected HFF cultures were processed in exactly the same manner as viral stocks. Glial cell cultures treated with mock-infected culture preparations were used to control for nonspecific cell stimulation in all experiments.
UV inactivation was achieved by placing sucrose-purified viral stocks or virusinfected cell culture supernatants in a tissue culture dish at a distance of 8 cm from a 256-nm UV light source, on ice, for 30 to 45 min. Titers of sucrosepurified viral stock inactivated in this manner were 4 log TCID 50 lower than those of replication-competent virus. ELISA. A previously described sandwich enzyme-linked immunosorbent assay (ELISA)-based system (52) was used to measure levels of CXCL10 production from glial cell cultures. ELISA plates (96 wells) were coated with a mouse anti-human CXCL10 capture antibody (Pharmingen, San Diego, Calif.) at 2 g/ml overnight at 4°C. The plates were washed (0.05% Tween 20 in phosphatebuffered saline) and blocked with 1% BSA in phosphate-buffered saline for 1 h at 37°C. Serial dilutions of recombinant human CXCL10 were used to generate a standard concentration curve. CMV-infected, uninfected, or mock-treated culture supernatants were incubated in capture antibody-coated wells for 2 h at 37°C. Biotin-labeled mouse anti-human CXCL10 antibody (1 g/ml; Pharmingen) was added, the mixture was incubated for 90 min at 37°C, and then horseradish peroxidase-conjugated streptavidin (1:4,000; Jackson Immunoresearch, West Grove, Pa.) was added and the mixture was incubated for another 45 min. A chromogenic substrate (K-blue; Neogen Corporation, Lexington, Ky.) was then added, and the mixture was incubated for 10 to 20 min at room temperature. Color development was stopped with 1 M H 2 SO 4 . Levels of CXCL10 in the culture supernatants were estimated from the standard concentration curve by using A 450 values. The sensitivity of this CXCL10 ELISA was 10 pg/ml.
RPA. To determine the levels of CXCL10 mRNA expression, total RNA was extracted (Qiagen, Valencia, Calif.) from CMV-stimulated microglial cells or astrocytes and assayed by using RiboQuant (Pharmingen), a multiprobe RNase protection assay (RPA). Briefly, total RNA was extracted from uninfected or CMV-infected cells at various time points postinfection (p.i.). The RNA was hybridized to 32 P-labeled RPA probes specific for the indicated chemokines. The protected probes were then resolved on a 5% denaturing polyacrylamide gel (19:1 40% acrylamide-bisacrylamide, 10ϫ Tris-borate-EDTA, urea) and analyzed with a phosphorimager (Molecular Dynamics, Sunnyvale, Calif.). All chemokine gene expression data were normalized to glyceraldehyde-3-phosphate dehydrogenase levels from the same sample.
Chemotaxis assay. Lymphocyte migration toward infected cell supernatants was assessed in a 96-well chemotaxis chamber (Neuro Probe, Gaithersburg, Md.). Peripheral blood mononuclear cells were isolated from healthy donor blood and incubated for 1 h at 37°C in a tissue culture flask. After three rounds of incubation at 37°C, nonadherent cells were cultured for 21 days in RPMI 1640 medium supplemented with FBS (10%), 50 M 2-mercaptoethanol, and recombinant IL-2 (10 ng/ml; R&D Systems, Minneapolis, Minn.). Among white blood cells, the CXCL10 receptor, CXCR3, is mainly expressed on T lymphocytes. Activation with IL-2 is required for maximal expression of this receptor on T cells (35, 36) . After 3 weeks in culture with IL-2, these activated lymphocytes were washed and resuspended in fresh RPMI 1640 medium, supplemented with 0.001% bovine serum albumin, before use. Supernatants from CMV-stimulated microglial cells (48 h p.i.) were added to the lower wells, and 200 l of the lymphocyte suspension (2 ϫ 10 6 cells/well) was added to the upper wells of the chemotaxis chamber. The upper and lower wells were separated by a polyvinylpyrrolidone-free polycarbonate filter with a 3-m pore size. Lymphocytes that had migrated through the filter into the lower wells after 3 h of incubation at 37°C were collected by centrifugation. The number of migrated cells was quantitated by spectrophotometric analysis with a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay as described previously (62) .
Western blot analysis. (56) was used to assess the effects of anti-inflammatory cytokines on CMV-induced activation of this transcription factor in microglial cells. Briefly, cells were lysed at 2 h p.i. and assayed for NF-B p65 activation by using a transcription factor assay kit in accordance with the manufacturer's (Active Motif, Carlsbad, Calif.) protocol. Cell lysates were added to microplates coated with oligonucleotides containing the NF-B consensus sequence. Primary antibody to NF-B p65 was added, followed by horseradish peroxidase-conjugated detection antibody. A chromogenic substrate is used to quantitate the activated NF-B p65 subunit by using A 450 (optical density) values. The values were normalized to total protein content in the lysates as measured with a commercially available protein assay (Bio-Rad Laboratories, Hercules, Calif.).
Analysis of cmvIL-10 gene expression. Reverse transcriptase PCR (RT-PCR) was performed on RNA extracted from uninfected astrocytes and CMV AD169-infected astrocytes at 3, 8, 24, 32, and 48 h p.i. by using a previously described protocol (9) . The forward (5Ј-AGGCGGTATCTGGAGATCGTGTTT-3Ј) and reverse (5Ј-TGCAGATACTCTTCGAGACGGCTA-3Ј) primers were derived from the first and second exons of cmvIL-10 sequences, respectively (nucleotides 160018 to 160041 and 160351 to 160328 of the CMV genome sequence [GenBank accession no. X17403] [27] ). The primers were designed to amplify across the second intron of the spliced mRNA product. The calculated size of the genomic-length PCR product is 348 bp, and that of the product corresponding to the spliced mRNA is 251 bp. Identical samples were also subjected to PCR amplification without RT treatment (negative RT controls).
Statistical analysis. Data are represented as the mean Ϯ the standard error of the mean (SEM) of pooled samples from different experiments. Student's t test was applied to pooled data from multiple experiments with cultures derived from at least two different donors. Differences between sample groups with P Ͻ 0.05 were considered significant.
RESULTS
Microglial cells produce CXCL10 in response to stimulation with CMV. Supernatants from CMV-infected, mock-infected (virus-free HFF cell extracts), and uninfected primary human glial cell cultures were examined for CXCL10, a chemokine that recruits activated T lymphocytes and NK cells (4, 14) . Purified microglial cells (2 ϫ 10 5 ) were exposed to CMV AD169 (MOI of 5 TCID 50 ) for 8, 24, 48, 72, or 96 h prior to measurement of supernatant CXCL10 levels by ELISA. Supernatants from infected cultures showed a significant increase in CXCL10 production compared to mock-infected or uninfected cultures (Fig. 1A) . Levels of CXCL10 production peaked between 48 and 72 h p.i. The mean levels of CXCL10 production by infected microglial cultures at 48 and 72 h p.i. were 1.93 Ϯ 0.57 ng/ml (P Ͻ 0.05 versus mock-infected cultures; n ϭ 7) and 2.93 Ϯ 0.47 ng/ml (P Ͻ 0.01 versus mockinfected cultures; n ϭ 7), respectively. Mock-infected cultures demonstrated minimal CXCL10 production (0.14 Ϯ 0.02 and 0.20 Ϯ 0.02 ng/ml) at the same time points. This increase in CXCL10 protein from infected microglial cell culture supernatants was coupled with an increase in cellular CXCL10 mRNA synthesis, which was upregulated by 29 and 59% at 24 and 48 h p.i., respectively (Fig. 1B) .
To determine if replication-competent virus is essential for induction of CXCL10, microglial cell cultures were stimulated with UV-inactivated CMV AD169. UV inactivation significantly decreased the ability of CMV to induce CXCL10 production in microglial cells ( Fig. 1C and D) . CXCL10 induction was sevenfold lower (P Ͻ 0.01) with UV-inactivated virus than with replication-competent virus (4.77 Ϯ 0.32 ng/ml versus 0.65 Ϯ 0.17 ng/ml; n ϭ 8 from three different donor specimen). CXCL10 mRNA expression was also decreased subsequent to CMV inactivation (Fig. 1D) .
In contrast to microglial cells, CMV infection failed to induce CXCL10 production in astrocytes. CXCL10 production levels measured in CMV-infected astrocyte culture supernatants were consistently below the limit of detection of the ELISA (Ͻ10 pg/ml; n ϭ 3). Additionally, CXCL10 mRNA expression was not detected by RPA analysis of infected astrocytes at 3, 8, and 24 h p.i. To determine if the failure to produce CXCL10 was inherent to primary astrocyte cultures, we stimulated both astrocytes and microglial cells with IFN-␥, the signature stimulus for CXCL10 production. We found that both astrocytes and microglial cells produced CXCL10 in response to IFN-␥, achieving peak levels between 24 and 48 h poststimulation (Fig. 1E ). To determine whether CXCL10 regulates viral expression in CMV-infected astrocytes, we treated primary astrocyte cultures with recombinant CXCL10 either 24 or 48 h prior to infection with RC256, a recombinant virus expressing ␤-galactosidase from the viral early promoter, and determined ␤-galactosidase expression by a colorimetric assay using CPRG as a substrate (63) . Viral expression from CXCL10-treated astrocytes was not different from that from untreated cells, indicating that this chemokine had no effect on viral expression in primary astrocytes (data not shown).
Induction of CXCL10 is not dependent on de novo protein synthesis. TNF-␣ and IFN-␥ have been shown to induce CXCL10 production from astroglial cells (41) . Previous work in our laboratory has shown that TNF-␣, but not IFN-␥, is induced in microglial cells following stimulation with CMV (9). To determine if CMV-induced CXCL10 production is consequent to secondary cytokine production, microglial cells were treated with neutralizing antibodies to TNF-␣, IFN-␥, or TGF-␤ 30 min prior to addition of the virus. Treatment with antibodies to TNF-␣, TGF-␤, or IFN-␥ did not eliminate the production of CXCL10 from CMV-stimulated microglial cells (data not shown). To further examine if secondary protein synthesis is required for CMV-stimulated CXCL10 production in microglial cells, we treated the cultures with cycloheximide (10 g/ml) 30 min before and 6 h after stimulation with CMV. Total RNA was examined by RPA to determine whether inhibition of protein synthesis leads to decreased CXCL10 mRNA synthesis 18 h poststimulation with CMV. This cycloheximide treatment did not decrease CXCL10 mRNA synthesis relative to that of glyceraldehyde-3-phosphate dehydrogenase mRNA (Fig. 1F) .
Inhibitors of signal transduction eliminate CMV-induced CXCL10 production in microglial cells. CMV binding to the host cell surface is known to activate signaling molecules and transcription factors, such as p38 MAP kinase and NF-B (57), in various cell types (24) , including macrophages (70) . Therefore, we examined CMV-stimulated microglial cells for nuclear translocation of activated NF-B and activation of p38 MAP kinase. Nuclear extracts from CMV-stimulated and untreated microglial cells were probed by using a gel shift assay for NF-B binding at 2 and 24 h p.i. NF-B binding to the consensus oligonucleotide sequence was demonstrated in nuclear extracts obtained from CMV-stimulated microglial cell at 2 h p.i. (Fig. 2A) . NF-B binding resulted in a mobility shift of the probe during electrophoresis, and it was further supershifted when a specific antibody against the p65 subunit was used ( (Fig. 2B) . However, total p38 MAP kinase levels in the cell remained unaffected by CMV stimulation (Fig. 2B) .
To determine whether activation of p38 MAP kinase is essential for the CMV-induced production of CXCL10, we treated microglial cell cultures with SB202190 (a p38 MAP kinase inhibitor) 30 min prior to stimulation. These studies demonstrated that the p38 inhibitor dose dependently suppressed CMV-stimulated CXCL10 production in microglial cells (Fig. 2C) . At a concentration of 30 M, SB202190 decreased CXCL10 production by 88% compared to that of untreated cultures (untreated average of 2.41 Ϯ 0.32 ng/ml versus treated average of 1.17 Ϯ 0.34 ng/ml; mean suppression, 52%; n ϭ 3; P Ͻ 0.05). Treatment with SB202474, a negative control for SB20190, did not suppress CXCL10 production (3.13 Ϯ 0.05 versus 3.73 Ϯ 0.20 ng/ml) in CMV-stimulated microglial cells. In addition, treatment of microglial cells with pyrrolidine dithiocarbamate (an inhibitor of NF-B) also resulted in suppression of CXCL10 production (2.41 Ϯ 0.32 versus 0.59 Ϯ 0.14 ng/ml for untreated and treated cells, respectively; mean suppression, 78%; n ϭ 3; P Ͻ 0.01) in microglial cells (Fig.  2D ). RPA analysis indicated that treatment with SB202190 inhibited CXCL10 mRNA expression in CMV-stimulated microglial cells but treatment with PDTC did not (data not shown).
CXCL10 induces migration of activated lymphocytes toward supernatants from CMV-stimulated microglial cells. Since CXCL10 produced in response to CMV stimulation of microglial cells could hypothetically serve as a signal for T-cell chemotaxis toward foci of viral infection within the brain, we assessed the ability of activated lymphocytes to migrate toward CMV-stimulated microglial cell supernatants placed in the lower wells of a chemotaxis chamber. Activated lymphocytes were added to the upper wells of the chemotaxis chamber and incubated for 3 h at 37°C. The number of lymphocytes that migrated into the lower wells was quantified with an MTT assay (62) . The migration of activated lymphocytes toward CMV-stimulated microglial cell supernatants was significantly greater (2.5-fold; P Ͻ 0.05) than chemotaxis toward mockinfected culture supernatants (Fig. 3A) . Pretreatment of the infected microglial cell supernatants with neutralizing antibodies to CXCL10 (10 g/ml) decreased lymphocyte migration by approximately 50% (P Ͻ 0.01; Fig. 3B ). Neutralizing antibodies to RANTES also suppressed (42%; P Ͻ 0.05) migration toward CMV-stimulated supernatants, while antibodies to MCP-1 and isotype control antibody (Fig. 3B ) had no effect on CMV-induced chemotaxis.
Select anti-inflammatory cytokines inhibit CMV-induced CXCL10 production. Anti-inflammatory cytokines are important regulators of potentially damaging inflammatory responses within the CNS. Previous work in our laboratory has demonstrated that anti-inflammatory cytokines such as IL-10, IL-4, and TGF-␤ inhibit chemokine production from stimulated microglial cells (15, 21) . We next assessed the effects of IL-10, IL-4, and TGF-␤ on CMV-induced CXCL10 expression. In these experiments, microglial cells were treated for various time periods (30 min to overnight) with each anti-inflammatory cytokine prior to the addition of CMV. Culture supernatants were assayed by ELISA at 72 h p.i. for CXCL10 production. Pretreatment with both IL-4 and IL-10 was found to markedly suppress CXCL10 production by the CMV-stimulated microglial cells. IL-4 (30 ng/ml) pretreatment inhibited CXCL10 production (53.14%) in CMV-stimulated cultures, with levels dropping from 4.48 Ϯ 0.16 ng/ml in untreated cells to 2.10 Ϯ 0.18 ng/ml (n ϭ 6; P Ͻ 0.01) following cytokine treatment (Fig.  4A) . A more profound inhibition of CXCL10 was observed following IL-10 (30 ng/ml) treatment, where production decreased from 3.83 Ϯ 0.18 ng/ml in untreated cultures to 0.35 Ϯ 0.08 ng/ml (90%; n ϭ 6; P Ͻ 0.01) in IL-10-treated microglial cells (Fig. 4A) . Pretreatment with TGF-␤ was found to have no effect on CMV-induced CXCL10 production (Fig. 4A) . In addition, pretreatment with IL-4 and IL-10 decreased CMVinduced CXCL10 mRNA expression (Fig. 4B) . The mean levels of inhibition (n ϭ 3) of CXCL10 mRNA by IL-4 and IL-10, quantified by densitometry analysis of RPA gels, were 34 and 59%, respectively. This IL-4-and IL-10-mediated inhibition of CMV-induced CXCL10 production in microglial cells also varied in proportion to the concentration of the cytokines (Fig. 4C and D, respectively). The average inhibition of CMV-induced CXCL10 production by IL-4 pretreatment at the highest dose (30 ng/ml) was 53%, which decreased to 44, 24 , and 15% at concentrations of 3, 0.3, and 0.03 ng/ml, respectively. Similarly, inhibition of CMV-induced CXCL10 production by IL-10 pretreatment was dose dependent and decreased with declining IL-10 concentrations (30 ng/ml, 91%; 10 ng/ml, 73%; 3.0 ng/ml, 71%; 1.0 ng/ml, 63%; 0.3 ng/ml, 42%; 0.1 ng/ml, 29%; 0.03 ng/ml, 15%). Treatment with recombinant IL-10 (30 ng/ml) at either the same time or 3 h prior to CMV stimulation also suppressed (80 and 88%, respectively; P Ͻ 0.01) CMV-induced CXCL10 production. Finally, IL-10-mediated inhibition of CXCL10 production from CMV-stimulated microglial cells (3.38 Ϯ 0.20 versus 0.78 Ϯ 0.12 ng/ml) was eliminated (2.31 Ϯ 0.33 ng/ml; P Ͻ 0.01 versus IL-10-treated cultures) by treatment with human IL-10 receptor-specific neutralizing antibodies (15 g/ml).
Treatment of microglial cells with anti-inflammatory cytokines is associated with decreased CMV-induced activation of NF-B but not phosphorylation of p38 MAP kinase. We next examined CMV-stimulated microglial cells for alterations in virus-induced activation of NF-B subsequent to treatment with IL-10 and IL-4. Treatment with these anti-inflammatory cytokines decreased the levels of activated NF-B, quantified with a colorimetric assay for the activated molecule (56) . CMV-stimulated microglial cells had 2.4-fold greater levels of activated NF-B than untreated control cells measured at 3 h poststimulation (Fig. 5A) . Treatment of microglial cells with recombinant IL-10 (30 ng/ml) or IL-4 (30 ng/ml) prior to CMV stimulation significantly decreased virus-induced activation of NF-B by 56% Ϯ 13.6%, (P Ͻ 0.01) or 42% Ϯ 8.1% (P Ͻ 0.01), respectively (Fig. 5A) . NF-B activation was also decreased by TGF-␤ treatment, although this cytokine had no effect on CXCL10 induction (data not shown). Interestingly, none of the anti-inflammatory cytokines tested had any inhibitory effect on CMV-induced p38 MAP kinase phosphorylation (Fig. 5B) .
CMV IL-10 suppresses virus-induced CXCL10 production in microglial cells. CMV is known to modulate host immune responses by expressing proteins that interfere with or mimic cellular products (44) . A recently described viral homologue to human IL-10 has been shown to interact with the IL-10 receptor (27) and modulate proliferative responses and cytokine production in blood cells (64) . We investigated whether this virus-encoded homologue of IL-10 could also suppress CXCL10 production by CMV-stimulated microglial cells. Microglial cells were treated overnight with recombinant CMV IL-10 (kindly provided by R&D Systems) prior to stimulation with CMV. Similar to our findings with human IL-10, CXCL10 induction (72 h poststimulation) was markedly suppressed following treatment with CMV IL-10 (100 ng/ml) (Fig. 6 ), and this suppression was dependent on the concentration of CMV IL-10. CXCL10 production decreased from 3.38 ng/ml with no CMV IL-10 treatment to 0.73 Ϯ 0.12 ng/ml (78% suppression; P Ͻ 0.01), 1.08 Ϯ 0.16 ng/ml (68% suppression; P Ͻ 0.01), 1.64 Ϯ 0.21 ng/ml (52% suppression; P Ͻ 0.01), and 2.60 Ϯ 0.20 ng/ml (28% suppression; P Ͻ 0.05) by CMV IL-10 at 100, 10, 1.0, and 0.1 ng/ml, respectively. Treatment with a neutralizing antibody to the human IL-10 receptor (15 g/ml) 30 min prior to the addition of CMV IL-10 (100 ng/ml) eliminated its suppressive effect (2.81 Ϯ 0.28 ng/ml; 17% suppression; P Ͻ 0.01 versus CMV IL-10-treated cultures; n ϭ 8) on CMV-induced CXCL10 production. Treatment of CMV-stimulated microglial cells with the IL-10 receptor-specific antibody alone had no effect on virus-induced CXCL10 production (3.67 Ϯ 0.20 versus 3.11 Ϯ 0.16 ng/ml; n ϭ 3). Conditioned medium from productively infected human astrocytes suppresses CMV-induced CXCL10 production by microglial cells through the IL-10 receptor. CMV infection of primary human astrocytes yields a 3-to 4-log increase in the viral titer within 5 to 7 days p.i., while cultured primary human microglial cells do not support productive viral replication (37) . To determine if productive viral replication in astrocytes results in expression of the CMV IL-10 gene product, we examined infected astrocytes for cmvIL-10 mRNA expression by using PCR analysis of infected astrocyte cultures at 3, 8, 24, 32, and 48 h p.i. In these experiments, two distinct bands were resolved from infected astrocytes that were absent in the uninfected controls (Fig. 7A) . The size of the smaller RT-PCR product (251 bp) corresponds to that of the spliced cmvIL-10 mRNA, while the larger RT-PCR product (348 bp) was presumably derived from unspliced RNA because no product was resolved from PCRs of RNA samples without RT (Fig. 7A) . This spliced form of cmvIL-10 mRNA was not detected at 3 h p.i. but was seen 8 h p.i. (Fig. 7A) .
Having demonstrated the presence of CMV IL-10 mRNA in infected astrocytes, we hypothesized that a biologically active cmvIL-10 gene product expressed in infected astrocytes would suppress CXCL10 production from microglial cells and that an antibody that inhibits human IL-10 receptor activity would fully restore chemokine production. To test this hypothesis, CMV-infected primary astrocyte cultures were frozen and thawed in the spent culture medium 3 to 4 days p.i. These lysates were then clarified to remove cellular debris and obtain CMV-infected astrocyte-conditioned medium. Conditioned media from infected and uninfected astrocyte cultures were used to test their ability to suppress CXCL10 production in microglial cells. Microglial cells were treated with an anti-IL-10 receptor antibody or an isotype control antibody (15 g/ml) 30 min prior to the addition of conditioned medium obtained from CMV-infected astrocytes. The levels of CXCL10 production from anti-IL-10 receptor antibody-treated cultures were twofold greater than those from cultures treated with isotype antibody (Fig. 7B) . The mean CXCL10 production from microglial cells treated with the infected-astrocyte medium (441.33 Ϯ 22.27 pg/ml) increased to 914.67 Ϯ 28.76 pg/ml (n ϭ 12 with cells from four different specimens; P ϭ 0.02) following anti-IL-10 receptor antibody treatment but was not significantly changed (397.78 Ϯ 97.57 pg/ml) subsequent to treatment with an isotype control antibody.
To determine if virus present in the CMV-infected astrocyte-conditioned medium was responsible for the induction of CXCL10 in microglial cells, replication-competent virus in the medium was inactivated by UV treatment. UV inactivation decreased CXCL10 levels by 3.4-fold (207.33 Ϯ 31.43 versus 61.0 Ϯ 21.0 pg/ml; n ϭ 6 from two different donors). Additionally, UV-inactivated infected astrocyte-conditioned medium suppressed CXCL10 production subsequent to CMV stimulation (MOI of 2.5 TCID 50 ) by 2.5-fold (198.0 Ϯ 20.22 versus 81.50 Ϯ 11.44 pg/ml; n ϭ 3), and this effect could be reversed by prior treatment with antibodies to the IL-10 receptor (167.50 Ϯ 8.2 pg/ml). In addition, conditioned medium showed no detectable levels of TNF-␣, which is known for its ability to induce CXCL10, nor did antibodies to this cytokine affect the induction of CXCL10.
DISCUSSION
Recruitment of T cells into the CNS is usually preceded by chemokine production from activated glial cells (3, 30) , which is a critical defense mechanism against neurotropic viruses (60) . Both microglial cells and astrocytes are potential sources of CXCL10 within the CNS during viral infections (3, 4, 30) . In the present study, we have shown that human microglial cells produce CXCL10 in response to nonproductive infection with CMV, reaching peak levels between 48 and 72 h p.i. However, productively infected astrocytes were not found to produce this chemokine. Previous studies performed in our laboratory have shown that astrocytes are proficient at producing other chemokines, like MCP-1, in response to the same CMV infection on October 23, 2017 by guest http://jvi.asm.org/ (9) . The lack of production of CXCL10 from astrocytes infected with CMV was not due to an inability of these glial cells to produce this chemokine, since stimulation with IFN-␥ yielded significant amounts of CXCL10. These differences reflect the ability of glial cells to generate a complement of immune mediators specific to the type of stimulus toward which the response is directed. During CNS viral infections, CXCL10 production occurs early and correlates with the intensity of infection (3, 30) . In all likelihood, these temporal and cellular patterns of glial cell responses to viral infections mold the clinical outcomes of disease.
Lymphocytes play an important role in host defense against CMV disease (55) . Although there is ample experimental evidence to confirm the ability of CMV to infect human brain cells (11, 37, 43) , encephalitis is rare in immunocompetent hosts and in vitro studies have shown that lymphocytes suppress CMV replication in primary astrocytes (7) . It is only during advanced AIDS or in congenital infections, when T lymphocytes are deficient, that CNS disease due to CMV emerges (2) . In this study, we have shown that supernatants from CMV-stimulated microglial cells induce migration of activated lymphocytes and that this ability is eliminated, in part, by antibodies to CXCL10. Disabling the effects of CXCL10 in vivo, by using either neutralizing antibodies or CXCL10 knockout animals, has been shown to inhibit the recruitment of T cells and alter the pathogenesis of inflammatory diseases of the CNS (14, 33) . It can be postulated that intrinsic glial cell responses, along with subsequent trafficking of activated lymphocytes into the CNS, prevents development of CMV brain disease in an immunocompetent host. Dysfunction in either arm of protection could lead to development of encephalitis.
Control of cellular responses to environmental stimuli is mediated by activation of distinct signaling pathways that regulate gene expression (5) . Binding of CMV to the host cell activates a variety of signal-transducing molecules, including NF-B (57) and p38 MAP kinase (24, 70) in many cell types, including macrophages (70) . Both p38 MAP kinase (12, 29) and NF-B (42) have been implicated in the regulation of CXCL10 production. The CMV-induced CXCL10 production described here was not dependent on viral immediate-early protein synthesis or secondary cytokine production but rather appears to be a direct effect of viral activation of signaling pathways. This finding is significant because microglial cells produce TNF-␣ in response to CMV (9), a known stimulus for CXCL10 production (42) and NFB activation (47) . In our study, we found that signaling via p38 MAP kinase is involved in CXCL10 production by microglial cells. Activation of p38 MAP kinase is critical for viral replication in permissive cells (24) . However, in a nonpermissive cell type like microglial cells (37) , this CMV-induced p38 MAP kinase phosphorylation may lead to initiation of protective immune responses.
The mechanisms that control inflammatory responses within the CNS are only beginning to be understood. The immunosuppressive microenvironment of the CNS (23), as well as the upregulation of anti-inflammatory cytokines during various insults within the brain, appears to be required to maintain or restore homeostasis to this vital organ (67) . It has been postulated that the anti-inflammatory microenvironment of the brain is maintained through constitutive expression of low levels of TGF-␤, while other anti-inflammatory cytokines, such as IL-10 and IL-4, execute a more acute quenching of inflammatory processes (21) . These anti-inflammatory cytokines are known to suppress chemokine production by activated microglial cells through a unique directed regulation of specific inflammatory processes rather than global suppression of cellular function (15, 19, 21, 59) . Although the production of CXCL10 has been shown to be protective in some models of CNS infection (14) , chronic expression of CXCL10 results in sustained neuroinflammation and consequent neurodegeneration (46) . We studied the effects of IL-10, IL-4, and TGF-␤ on CMV-induced CXCL10 production as a potential mechanism by which to control neuroinflammation in response to viral infection. We found that IL-10 and IL-4, but not TGF-␤, suppressed CVM-induced CXCL10 production. Both IL-10 and IL-4 have been shown to inhibit CXCL10 production in peritoneal macrophages, but the immune quenching effect of these cytokines is most likely dependent on the inducing stimulus. For example, while IL-4 inhibits IFN-induced CXCL10 production, IL-10 suppresses LPS-but not IFN-induced chemokine production (17, 65) . The inhibitory effect of IL-10 reported in this study was greater than that of IL-4 under the same conditions. In addition, these effects were concentration dependent and associated with suppression of CMV-induced CXCL10 mRNA synthesis.
We also found that inhibition of CMV-induced CXCL10 by IL-4 and IL-10 is associated with a concomitant decrease in the activation of NF-B. The mechanism by which this decreased activation of NF-B results in the down-regulation of proinflammatory gene expression remains poorly understood. In monocytes, IL-4 and IL-10 utilize different mechanisms to suppress LPS-induced cytokine production. IL-10 inhibits the nuclear translocation of NF-B without affecting other transcription factors, such as NF-IL-6, AP-1, AP-2, or CREB (68) . Recent studies with monocytes have shown that IL-10 prevents the degradation of I-B by inhibiting I-B kinase activity and decreases the DNA-binding capacity of NF-B (61). On the other hand, IL-4 increases the degradation of cytokine mRNA in human monocytes without affecting NF-B translocation (68) . However, in murine and porcine macrophages, IL-4 affects gene transcription rather than accelerating RNA degradation (17, 71) . Taken together, these findings suggest that anti-inflammatory cytokines regulate inflammation through distinct pathways and that these pathways are dependent on both the inflammatory stimulus and the cell type involved.
CMV has evolved numerous strategies by which to counteract host immune responses that effectively aid in its sustenance of a lifelong subclinical or latent infection in immunocompetent hosts. Among the many virus-encoded gene products that mimic host immune molecules (reviewed in references 20, 34, and 44), CMV encodes a homologue to human IL-10, which serves as a ligand for the human IL-10 receptor (27) . In this study, we demonstrated that CMV IL-10 is expressed during viral replication in astrocytes and that it suppresses CXCL10 production from microglial cells as efficiently as human IL-10. CMV IL-10 has also been shown to suppress lymphocyte proliferation, proinflammatory cytokine production, and cell surface expression of major histocompatibility complex molecules (64) . All of these inhibitory functions are mediated through the IL-10 receptor. Although this viral protein shares only 27% homology with human IL-10, the two molecules possess similar binding affinities for the IL-10 receptor (25) . The specific role of CMV IL-10 in inhibiting lymphocyte recruitment and proliferation remains speculative, but we can postulate that the virus acquired such robust mechanisms to subvert host immune responses.
Taken together, the results of this study and of prior research by other groups support the concept of the role of microglial cell-produced CXCL10 and its regulation by human and viral IL-10 depicted in Fig. 8 . Initially, CMV productively infects astrocytes and induces production of chemokines, such as MCP-1, that recruit microglial cells to the site of infection (38) . Upon stimulation with CMV, microglial cells produce CXCL10, which serves as a chemotactic signal for activated T lymphocytes to enter the brain and migrate toward foci of infection. Once upon the scene of infection, activated lymphocytes produce cytokines such as IFN-␥, which proceed to control viral replication and spread. Once CMV infection is controlled, anti-inflammatory cytokines, such as IL-10, are needed to suppress the local inflammatory response, thereby preventing brain damage. These anti-inflammatory cytokines may be derived from surrounding glial cells or from additional lymphocytes that migrate into the region. CMV exploits the immunosuppressive effects of IL-10 by expressing a viral homologue of the protein that dampens CXCL10 production and most likely hampers subsequent viral clearance. As long as immunocompetency can be maintained, CMV will be readily contained. However, if this host-virus interaction is tipped in favor of CMV by severe depletion of T cells, then the virus may spread unrestrained throughout the brain. 
